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Abstract 
In order for climate forecasting to be used in developing adaptation options, the forecasts should be able to 
affect decisions made by stakeholders in a manner that improves outcomes. The implications of this 
requirement for forecasting are presented under five headings: relevance, reliability, stakeholder 
engagement, holism and accuracy. These characteristics are elucidated through a particular focus on the use 
of ensemble climate and crop simulations. Resulting recommendations, inclusing comments on 
mainstreaming and seamlessness, are described using the concepts of quality and value. 
Adaptation options can be developed using climate forecasts on a range of timescales, from days to decades. 
Two cases are presented and discussed, using the five identified characteristics: (i) options based on large-
area seasonal crop yield forecasting are discussed, and (ii) genotypic adaptation based on long-term climate 
change projections is examined. For the latter, novel analyses of existing large-area groundnut simulations 
are used to assess the magnitude and spatial extent of the impact of changes in the mean and variability of 
temperature, rainfall and humidity. The genotypic properties required to ameliorate negative impacts are then 
assessed and compared to observations. The processes examined act on most annual crops, making the 
method, and to some extent the results, broadly relevant. 
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1. Introduction 
Environmental change often demands that individuals and society modify their use of the environment. This 
process of adaptation occurs at a range of spatial and temporal scales. It involves decisions made by a range 
of agents, from individuals through to governments, each with diverse objectives (see e.g. Challinor et al., 
2007a). In examining adaptation to climate change across a range of scales, Adger et al. (2005) identify three 
mechanisms: altering (human) exposure to climate change, reducing sensitivity to climate change 
(sometimes called ‘climate proofing’), and increasing the resilience of the system. The first of these applies 
to social systems, and includes hazard preparedness and mitigation activities. In the case of food security, the 
second mechanism applies to ecological systems, and includes the breeding and use of crop germplasm that 
tolerates heat and water stress. It also includes crop management measures such as, for example, the choice 
of planting date and application of fertiliser and/or pesticide. The third mechanism, increasing resilience, 
applies principally to social systems, and includes crop insurance schemes and increases in imports in 
response to food shortages. The food commodity price increases during 2007/2008, ongoing at the time of 
writing, are indicative that global food systems are not resilient to the range of stresses they are currently 
subject to (see section 2iii).  
Climate forecasts can be a useful part of the decision-making process for adaptation of food systems to 
environmental change. Indeed, there is an ongoing shift in the focus of climate change assessments from 
quantification of impacts towards the study of adaptation. This is driven both by policy, which increasingly 
recognises that – despite mitigation efforts – climate change is inevitable, and by the development of the 
science of impacts to the point where human and biophysical adaption can be accounted for. This shift 
presents a challenge to climate science: models must not only be accurate representations of the climate 
system, they must be able to inform decision-makers. In order for climate forecasting to be used in 
developing adaptation options, the forecasts should be able to affect decisions made by stakeholders in a 
manner that improves outcomes. This requirement implies a number of characteristics (see also Patt and 
Gwata, 2002; Hansen, 2002):  
i. The forecast should be relevant: there should be at least one identifiable decision that can be made in 
response to the forecast. The variables, spatial scale and lead time of the forecast should therefore be 
appropriate to the decision. A climate impacts simulation model, such as a model of crop growth and 
development, can be used with climate simulations, to further tailor the climate information to the needs of 
the stakeholder. The condition of relevance has implications for the spatial resolution of the climate and 
impacts models used. 
ii. The forecasts should be reliable: the uncertainty associated with a forecast should be known to some 
degree of accuracy. Unreliable forecasts are likely to result in incorrect assessment and management of risk. 
Even where a forecast is reliable, a positive outcome may not result in every case, but may only emerge over 
time. The condition of reliability has implications for the sampling of ensembles of climate and climate 
impacts, as well as the manner in which they are interpreted. 
iii. A holistic, systems approach should be taken, so that all the factors affecting the decision are accounted 
for. Many of these factors will be uncertain, and their interactions will produce further uncertainty; this 
further underlines the importance of reliability. The condition of holism implies a need for knowledge and 
research from more than one discipline, so that multiple stresses can be accounted for. 
iv. For the practice of adaptation, and arguably for adaptation research, stakeholder engagement is critical. 
The decision-maker needs to not only have access to the forecasts, but also see the benefit of using the 
forecasts. The condition of stakeholder engagement can constrain adaptation options: if insurmountable 
barriers to access or use exist, this condition may rule out some of the target decisions. 
v. The forecasts should be of the highest possible accuracy. This is a desirable, rather than strictly necessary 
condition, which seeks to gain the maximum benefit from the forecast. The condition of accuracy has 
implications for the manner in which impacts models are calibrated and used. 
This study examines the use of climate and crop models to inform the adaptation of food production systems 
to climate variability and change. First, the characteristics above are illustrated in more detail, using 
discussion based principally on linked crop and climate models (section 2). These characteristics are then 
used to examine how existing crop modelling studies might inform adaptation at seasonal (section 3) and 
multi-decadal (section 4) timescales. These two timescales have different characteristics: in probabilistic 
seasonal weather forecasting, the initial state of the atmosphere is a principal source of uncertainty. In 
climate projections, initial conditions do not significantly affect model output, and model structure (i.e. 
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choice of parameterisation of terrestrial, atmospheric and oceanic processes) and forcing (i.e. the uncertainty 
in emissions) dominate. 
Recognition that analyses of long-term climate change are insufficient for informing decisions is central to 
the concept of adaptation used in this study. A broad definition of adaptation, which includes strategies to 
cope with climate variability, is therefore adopted in this study. This is a particularly useful approach given 
that climate change implies changes – usually increases – in climate variability. Similarly, a broad definition 
of forecasting is used that includes projections based on scenarios of greenhouse gas emissions. 
 
2. Informing adaptation decisions using forecast models  
i. Relevance of forecasts to adaptation decisions 
Efforts within the climate modelling community are beginning to focus around the concept of seamless 
prediction, which seeks to improve the consistency and continuity of medium- and long-range information 
(WCRP, 2008). This concept arose from the awareness that atmospheric processes do not categorise 
timescales in the way that prediction systems, and the weather and climate research communities, do. Hence 
there has been a call to more seamless prediction methods. This call also extends to the way in which 
forecasts are presented to users: since the categorisation of timescales arises from the scientific community, 
and not from the users, it is perceived by the climate modelling community as a potential barrier to the use of 
forecasts. 
The forecast community, then, is seeking to create more relevant forecasts. However, forecast relevance 
arises not just from the manner of its presentation, but from an awareness of the decision-making process. 
Therefore, in order to assess the relevance of a forecasting system, a climate-dependant decision needs to be 
identified. This process could begin with the decision and be followed with assessment of the relevance of 
forecasts to that decision (e.g. Meinke et al., 2006). The needs of decision makers are highly diverse, both 
geographically and within communities. Hence studies of decision support for food systems in different 
regions are likely to differ in their conclusions (e.g. Gadgil et al., 2002; Hansen, 2005). One way of ensuring 
relevance is to extract generalities from specific case studies, as is done in agent-based modelling (Bharwani 
et al., 2005). However, these models often remain strongly site-specific. An alternative starting point, 
presented in this study, asks what decisions can be affected by a particular forecasting system. By being 
rooted in the science of climate change and of its impacts, this study is in the tradition of applied climate 
science. This is growing field, with increasing outreach towards assessment of climate impacts (Challinor et 
al., 2008a; Huntingford et al., 2005) and human vulnerability (Cox and Stephenson, 2007; Challinor et al., 
2007a). 
Adaptation decisions occur on a range of temporal and spatial scales, from the crop management choices of 
smallholder agriculturalists, to the policy decisions made by governments and regional authorities. As a 
result, adaptation options can be developed using climate forecasts across a range of timescales, from days to 
decades. However, the spatial resolution of regional and global climate models may not be appropriate for 
crop management decisions, since it is rarely less than tens of kilometres. Downscaling techniques exist that, 
in addition to providing local-scale climate information, can be used to provide inputs to detailed process-
based crop models (e.g. Southworth et al., 2002). These models can be used to inform farm-scale decisions, 
since they produce results that depend upon the specific crop variety, soils and management practices used. 
Potential sources of error when using this method include over-parameterisation (e.g. Cox et al., 2006; see 
also section v), where the complexity of the model results in a large number of unconstrained parameters, 
and non-stationarity in the downscaling relationships (e.g. Challinor et al., 2005a), which can introduce 
discrepancies between observed and downscaled weather. 
Where adaptation can be based on forecast information at larger spatial scales, a large-area crop model, 
which uses climate model output directly, may be used. Large area crop models are particularly well-suited 
for use with climate model data, since they avoid errors due to downscaling. These models may be empirical 
(e.g. Iglesias et al., 2000) or processed based. An example of the latter is presented in figure 1, which shows 
observed and simulated yields over a 2.5
o
 by 2.5
o
 area. Empirical methods can introduce significant errors 
through the linearisation of the equations for crop yield (Challinor et al., 2006) and/or the use of monthly 
data, which cannot account for sub-seasonal variability in weather. This can be illustrated by noting that two 
years in figure 1 with different yields (44% lower in 1981 than in 1975), have the same total rainfall (39cm). 
A principal reason for this is the different sub-seasonal rainfall distributions, with 1981 producing higher 
runoff and drainage, and less water availability during pod-fill (see Challinor et al., 2004). Subgrid 
heterogeneity can sometimes result in inaccuracy when using large-area crop models (Baron et al., 2005; 
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Hansen and Jones, 2000). Despite this, process-based large-area models have shown promising results in 
current climates (Osborne et al., 2007; Chee-Kiat, 2006; Challinor et al., 2005a, c). Furthermore, as computer 
power increases, allowing finer resolution of climate and improved climate simulation skill, large-area 
modelling becomes increasingly relevant to the scale of crop production.  
Whilst they are the focus of the current discussion, impacts models are not a prerequisite for forecast 
relevance (see e.g. Hellmuth et al., 2007; Patt et al., 2005). Different approaches may be appropriate in 
different settings. Crop models may be particularly useful where cropping systems are highly managed (see 
e.g. Ferreyra et al., 2001; Meinke et al., 2001) or where monitoring and forecasting systems are combined 
(see e.g. Rijks et al., 2003). 
 
ii. Reliability of forecasts 
Unless a forecast is reliable as well as relevant, it may lead to detrimental adaptation decisions. For seasonal 
forecasts, reliability is a well-defined formal concept: forecasts stating an 80% chance of less than 10cm of 
rain are perfectly reliable if 80% of them are followed by less than 10cm of rain. Thus a number of forecasts, 
and observations, are required in order to assess reliability. The probabilistic nature of seasonal forecasts also 
demands careful definition of a successful adaptation decision: whilst positive outcomes should emerge over 
time (i.e. on average), any one decision could be detrimental. In the example above, a detrimental decision 
may occur one in five times such a forecast is given, since the most likely outcome (low rainfall) does not 
occur. In contrast to seasonal timescales, the reliability of climate change forecasts is impossible to verify, 
since there is only one realisation of climate. Here we can require, more generally, that the quantification of 
uncertainty should result in projected ranges, and possibly probabilities, that accurately reflect reality. 
The increasing availability of climate ensembles on seasonal to multi-decadal timescales is resulting in their 
increased use with crop models (Challinor et al., 2005b, c; Marletto et al., 2007). The requirement of 
reliability demands that ensemble size should not be artificially reduced by sub-sampling (WCRP, 2008), 
particularly where such sub-sampling may omit important non-linearities (e.g. Stainforth et al., 2007; see 
also the analysis of rainfall and yield above). Efforts should also be made to ensure that the probabilities 
derived from the ensembles are accurate. This may mean some pre- or post- processing (see e.g. Rougier and 
Sexton 2007). Also, uncertainty in crop simulation should be accounted for if unfounded confidence is to be 
avoided. This is commonly achieved through random sampling of uncertainty using a range of crops, 
locations, models, or scenarios. This method leads to a range of results being produced from a range of 
studies, so that any subsequent synthesis must deal with ‘conflict-based uncertainty’ (Patt, 2007). The 
method of Challinor and Wheeler (2008a), links parameter perturbations to observations, and is a more 
objective method of quantifying uncertainty. 
 
iii. A holistic approach to adaptation research 
Even where a forecast is both relevant to adaptation and reliable, detrimental decisions may be made if 
account is not taken of the non-climatic aspects of the decision. Farmers base decisions on more than just 
climate; issues such as insecure land tenure affect farmers’ ability to engage in sustainable agriculture 
(Fraser, 2004).  Hence economic and institutional factors influence adaptability (Fraser, 2007) and these 
factors may undermine the way farmers use even accurate and relevant climate information. In reviewing the 
linkages between climate change and food security, Gregory et al. (2005) assess the implications of the 
dynamic interactions between and within the biophysical and human food system environments. These 
environments vary geographically, as therefore does the local capacity to adapt and the importance of 
climate change as a threat to food security (see also Diffenbaugh et al., 2007).  
It is widely recognised (Financial Times, 24
th
 February 2008; New Statesman, 21
st
 April, 2008) that the 
drivers of food commodity price increases during 2007/2008 include rising demand, both due to increasing 
population and dietary trends in developing countries; falling supply, due in part to the negative impact of 
climatic extremes change on yield; and market mechanisms, including investment and speculation, rising 
agricultural input prices and the implications of increased demand for biofuels. Food security is clearly, 
therefore, a challenge that requires problem-based, rather than discipline-based, interdisciplinarity (see 
Robinson, 2007). Studies exist that bring together a range of researchers and disciplines to examine food 
systems under environmental change (e.g. Challinor et al., 2007a; Huntingford et al., 2005); further focussed 
integration, through focussed science meetings and increased collaboration, should be encouraged. 
Methodologies are required that are capable of integrating the main food system processes (e.g. Schmidhuber 
and Tubiello, 2007; Tubiello et al., 2007) and suggesting adaptation options that take account of the full 
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range of stresses (see Morton, 2007; Howden et al., 2007). Where important processes are omitted from 
modelling studies, false certainty may result, with precision being mistaken for accuracy. This is also true 
where uncertainties are omitted from the analysis. 
The quantification of uncertainty is made particularly important by the nature of the relationship between 
precision and relevance to food security. This relationship is shown in figure 2, which illustrates that as 
predictions become increasingly relevant, the precision associated with them tends to fall (so long as we 
require that the predictions are accurate). In particular, a fundamental limit exists: any derived impact cannot 
be known with greater precision than its cause. Spatial scale is also important in determining the relationship 
between relevance and precision: climate science has demonstrated a robust link between greenhouse gas 
emissions and change in global mean temperature; however the link with regional climate is less robust (e.g. 
Randall et al., 2007).  
The second link in figure 2, between climate and yield, has also been the subject of much research, as 
described in sections 2i and 2ii. Crop modelling uncertainties can be as significant as those arising from 
climate (Challinor et al., 2005b). Despite this, in the study of Challinor et al. (2008b), where observations 
were used to constrain the response of crops to climate change (in this case a doubling of CO2), uncertainty 
in crop response was not a major component of total uncertainty at the regional-scale. In contrast, the 
uncertainty associated with the third link in figure 2, between yield and food systems, is likely to be harder to 
quantify. Only for a very simple food system – where, for example, yield is the key variable and it is 
determined principally by climate – is it possible to have precise and accurate forecasts with a high degree of 
relevance to food security. Indeed, as analyses become increasingly relevant to food security, there can be an 
increasing need for qualitative, as opposed to quantitative, descriptions, so that precision and accuracy 
themselves become difficult to define.  
The complexity of food systems creates additional difficulties in assessing the success of adaptation 
decisions. Decisions may have multiple positive and/or negative outcomes, and there may be multiple 
perspectives on these outcomes. In addition to food, agroecosystems have a range of direct (e.g. feed, 
medicinal products) and indirect (e.g. landscape amenities, environmental services) benefits; adaptation 
actions should include efforts to enhance these multiple benefits (IAASTD, 2008). One important class of 
negative outcomes is where adaptation results in increased greenhouse gas emissions. Agricultural methane 
and nitrous oxide are significant greenhouse gases, with emissions projected to continue to rise for a number 
of decades (Gregory et al., 2005). Also, agriculture is responsible for a significant fraction of deforestation 
(see e.g.  Tubiello et al., 2007). This fraction is likely to increase with increased cultivation of biofuels, thus 
potentially creating a long term carbon debt (Righelato and Spracklen, 2007). Clearly, then, a holistic 
approach to adaptation involves more than accounting for multiple stresses: it demands that multiple 
perspectives and multiple outcomes are also included. This may include work to integrate local and formal 
agricultural knowledge (IAASTD, 2008). 
 
iv. Stakeholder engagement and access to forecasts 
Climate information, including any derivatives such as crop yield projections, needs to be actionable, in the 
sense elucidated by Meinke et al. (2006). The forecast should not only be relevant, reliable and in 
appropriate context, it needs to be perceived as such by the stakeholders: it should be salient, credible and 
legitimate (see also Patt and Gwata, 2002). Identifying the stakeholders – those who make the adaptation 
decisions – is therefore a critical aspect of developing adaptation options using forecast systems. 
Furthermore, the requirements of relevance and of holism imply the need for stakeholder involvement in the 
knowledge exchange process: who better to know what information is relevant, and how to take a holistic 
approach, than the decision-maker? Furthermore, stakeholder participation encourages the use of forecasts, 
increasing uptake by a factor of five in at least one case (Patt et al., 2005; see also Hellmuth et al., 2007). 
The diversity of stakeholders means that a range of approaches to stakeholder engagement is needed (see 
Brown et al., 2001 for one method); it also implies a diversity of needs. Individual subsistence farmers are 
likely to be interested in local-scale forecasts at relatively short lead-times, whereas planning agencies such 
as government departments or the World Bank are likely to (also) be interested in regional or national 
assessments over longer timescales (years to decades). Decisions that could be informed by targeted climate 
forecasting range from crop choice and the scheduling of planting or harvest to longer-term policy decisions 
regarding land use (Stone and Meinke, 2005).  
Given the diversity of adaptation decisions, it seems pertinent to ask were in the food system forecasts can be 
put to use. Since climate affects a range of decisions, one answer to this question is simply ‘everywhere.’ 
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Thus there are many points at which climate knowledge needs to be integrated into decision-making 
structures. This process is often referred to as mainstreaming of climate information. Where can this process 
of mainstreaming be most effective? To answer this requires theoretical analyses of the complete food 
system. Arguably, adaptation decisions based on model analyses should where possible be at those points 
where precision is highest (see figure 2), so long as a positive impact on the food system is predicted. At the 
very least model uncertainty should be quantified, so that decisions are based on accurate information (see 
section 2iii). 
For mainstreaming to be effective, there must be practical knowledge exchange routes in addition to 
theoretical analyses (IRI, 2006; Johnston et al., 2007; Patt et al., 2007). Access to knowledge and 
information is crucial to the ability of farmers to adapt to climate variability and change (Phillips, 2003; 
Challinor et al., 2007a; Washington et al., 2006). Without stakeholder access, forecasts cannot affect 
decisions. This issue is particularly important on the seasonal timescale, where information is more 
regionally specific and where the timescale for action is short. Methods to address the problem of access 
include organisations that are designed specifically to use forecasts (see e.g. Orlove and Tosteson, 1999) and 
drought insurance (Diaz Nieto et al., 2006),.  
v. Accuracy of forecasts 
In order for the quality of information for decision-making to be as high as possible, the accuracy of the 
forecasts should be as high as possible. Together with the conditions outlined above, this should result in the 
best possible decision being made, given the state-of-the-art at the time. Skill in the simulation of crop and 
climate forecasts, as well as any associated estimates of uncertainty, depends on the choice of model 
(Challinor et al., 2007a). The way in which the model is calibrated will also affect skill and uncertainty 
estimates. These choices are therefore likely to strongly influence the estimate of total uncertainty. Models 
should therefore be chosen and calibrated carefully.  
The complexity of the impacts model, and its associated spatial scale, are important determinants of the 
calibration method and of estimates of uncertainty (see Challinor and Wheeler, 2008a, b). Mechanistic 
modelling necessarily involves a reduction of real-world processes to a set of fallible rules. Over-
simplification in modelling will result in a lack of representation of some processes that strongly influence 
output variables. Over-complexity may result in a large number of unconstrained parameters, increasing the 
risk of reproducing observations without correctly representing the processes involved. When such a model 
is run in a new environment (such as a new location, or under climate change), the errors may be large. A 
model should therefore be sufficiently complex to capture the response of the system to the environment 
whilst minimising the number of parameters that cannot be estimated directly from data (Sinclair and 
Seligman, 2000). Where possible, calibration should be performed by using observations of more than one 
environmental variable. For a crop model this could mean calibration using leaf area index in addition to 
yield (e.g. Jones and Barnes, 2001). Internal consistency checks should also be performed, to ensure that the 
simulations are realistic. For example, crop model performance can be assessed in terms of radiation use 
efficiency and specific leaf area (see e.g. Challinor et al., 2004). 
 
3. Seasonal forecasting of crop yield 
As suggested above, seasonal weather and crop forecasting systems may provide a means of adapting to 
climate change. One such system is that of Challinor et al. (2003), who described a methodology for 
combining climate model output with a crop model. The methodology, which was developed through a series 
of subsequent publications, comprised the following stages: 
i. Analysis of the relationship between weather and climate, in order to determine the appropriate spatial 
scale for modelling (Challinor et al., 2003). 
ii. Design of a crop model, the General Large-Area Model for annual crops (GLAM), to operate at the 
chosen spatial scale (Challinor et al., 2004). 
iii. Evaluation of the crop model using observed weather data and reanalysis data, and assessment of internal 
consistency (Challinor et al., 2004, 2005a; see also figure 1). 
iv. Testing of the system in hindcast (i.e. retrospective forecast) mode.  
This last stage, carried out by Challinor et al. (2005c), used GLAM to test the predictability of crop yield in 
western India using a multi-climate-model ensemble. Despite significant climate model error, both the 
ensemble mean and the spread were skilful when compared to simulations with reanalysis data and 
climatological forecasts. In particular, the study demonstrated accurate (see section 2v) seasonal hindcasts of 
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yield: crop failure was simulated with greater skill than a random forecast based on climatology. The system 
has also demonstrated some reliability (see section 2ii), although more hindcasts are needed for robust tests 
of this characteristic. 
The forecasting system outlined above has the potential, through its simulation of crop yield, to add value to 
seasonal forecasts (see WCRP, 2008), increase their relevance (see section 2i) and affect decisions during the 
season. Where relevance is not severely limited by the large spatial scale of the output, climate risk may be 
minimised through appropriate management and choice of crops. An existing example of a risk management 
system in Australia is described by Stone and Meinke (2005): the relationship between potential yield and 
the phase of the Southern Oscillation Index can be used to demonstrate likely yields to farmers, allowing 
them to adjust inputs to achieve optimal yields, and/or forecast final yields or crop quality for marketing 
purposes. Like the analysis of Stone and Meinke (2005), the system of Challinor et al. (2005c) produces 
probabilistic output, thus supporting a risk management approach and facilitating ‘discussion support’ (see 
e.g. Hansen, 2005). The GLAM model incorporates a limited range of management mechanisms; holism (see 
section 2iii) would require input from other aspects of the decision-making process. This may be best 
achieved through combination of the modelling approach with descriptive approaches (Hansen, 2002). 
A second application of large-area crop yield forecasting to adaptation is in the planning of food aid through 
the identification of vulnerable areas (ERFARM, 2008). Forecasts could be updated throughout the season 
using satellite estimates of rainfall, as has been carried out with GLAM by Chee-Kiat (2006). Furthermore, 
the system could be supplemented by drought and flood monitoring techniques (e.g. Verdin et al., 2005). 
Responses to such forecasts at the household, governmental and international levels could take similar forms 
to those described by Haile (2005) for food insecurity caused by drought. However, forecasts are not a 
panacea and care is needed to foster realistic expectations of outcomes and to ensure that longer-term 
planning does not suffer as a result of a focus on seasonal timescales (Broad and Agrawala, 2000). 
Nonetheless, there is evidence that climate forecasts can form part of early warning systems that are 
sufficiently holistic, and have sufficient stakeholder engagement, to be beneficial (e.g. Erkineh, 2007). The 
role of crop modelling within such systems would depend on the particular setting (see section 2i). 
A third application of large-area yield forecasting could be through crop insurance schemes. Such schemes 
are prone to three related problems: moral hazard, whereby the very fact of being insured gives the policy 
owner no incentive to avoid crop failure; asymmetrical information, whereby the farmer knows more about 
the likelihood of crop failure than the insured; and adverse selection, whereby farmers who know their crops 
to be at low risk opt out of the system, leaving only the high-risk farmers. Reliable probabilities of crop 
failure would clearly be relevant to any endeavour aimed at reducing asymmetry in information, thus helping 
micro-finance schemes to be sustainable in the long term. Further discussion on crop insurance schemes can 
be found in Diaz Nieto et al., (2006). 
The first of the above applications is particularly subject to previously-identified constraints on the use of 
seasonal forecasts (e.g. Patt and Gwata, 2002). One advantage of the second and third applications is that 
they naturally lend themselves to larger scales, where barriers to access of information may be less than at 
smaller scales. In all three cases there are barriers to the implementation of decisions based on forecasts. 
Appropriate organisations to carry out and act on the forecasts are required, as are resources such as food aid. 
There is evidence that institutional learning regarding forecast used can lead to beneficial results (e.g. Orlove 
and Tosteson, 1999). 
 
4. Simulating genotypic adaptation to climate change 
Adaptation to climate change will require more than incremental adjustments made on seasonal timescales. 
This section examines some of the decisions that will be needed for adaptation to longer-term climate 
change. It deals with projections, rather than predictions, since outcomes at multi-decadal lead times are 
contingent on a range of factors (see section 1). The discussion centres around the choice of crop variety and 
how this relates to climate. As with the above section on seasonal forecasting, the concepts elucidated in 
section 2 are used to examine the potential of longer-term projections to affect decisions.  
 
Accurate and reliable projections 
The concepts of accuracy and reliability are, in the case of climate change projections, strongly linked. 
Reliable yield projections will only result from quantification of uncertainty, something that is enabled by 
ensemble crop and climate methods (see section 2ii). Accuracy can only be assessed using observations, 
making the task of forecast evaluation increasingly difficult as lead time increases (since fewer and fewer 
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observations are available for comparison with model output). However, whilst accuracy at one timescale 
does not guarantee accuracy at another, proven seasonal forecast skill can build confidence in longer term 
projections. In the case of large-area modelling, the ability to simulate current yields (section 3) has built 
confidence in simulations of the response of crops to climate change. However, this alone is insufficient, 
since new limitations may act on crop yield under climate change. These limitations are set by the action of 
fundamental processes. They imply that accuracy under climate change can only be assessed through 
comparison of simulations and measurements under controlled environments that create the conditions likely 
to occur naturally under climate change.  
A number of these processes have been examined in the large-area context: reduction in transpiration 
efficiency due to decreased atmospheric humidity (e.g. Challinor and Wheeler, 2008b); interactions between 
water stress and elevated CO2 (Challinor and Wheeler, 2008a); and changes in crop duration in response to 
mean temperature change (e.g. Challinor et al., 2007b). However, only for a few have direct quantitative 
comparisons been made: heat stress due to temperature threshold exceedance during anthesis (Challinor et 
al., 2005d); interactions between water stress and elevated CO2 (Challinor and Wheeler, 2008a). By 
examining the response of more than one type of crop variety, studies such as these also inform genotypic 
adaptation to climate change. For example, Challinor et al. (2007b) found that, at least for one climate 
change scenario, groundnut yield across most of India is significantly affected by changes in the mean and/or 
variability of temperature, and that partial adaptation to these changes is possible, by changing the cultivated 
crop variety. 
 
Increasing the relevance of modelling studies 
Whilst the studies mentioned above assess the potential for genotypic adaptation, they do so in a somewhat 
limited way. Some of them are for only one location, some do not account for uncertainty; and some stop 
short of comparing the projected genotypic requirements with those found in existing germplasm. Clearly 
more comprehensive assessments are needed if these projections of genotypic potential are to be relevant to 
decision-making. To this end, a new assessment, which builds upon previous work, is presented in the 
Appendix. Figure 3 shows the results, by showing the fraction of the total area under groundnut cultivation 
that is adversely affected by an approximate doubling of CO2. Two sets of bars are presented, one based on a 
common current crop variety and one based on genotypic properties that are less sensitive to the biophysical 
process in question (except for the case of water stress – adaptation to increases in water stress was not 
considered). The shading of the bars indicates the magnitude of the impact on yield, whilst the height of the 
bar indicated the extent of the area affected. For all biophysical processes for which an estimate could be 
made, both the extent and magnitude of the impact on yield are significantly reduced under adaptation. 
However, due to insufficiently precise field data on observed responses, an estimate could not be made for 
the capacity to adapt to increases in mean temperature. For all other biophysical processes, the properties of 
the adapted crop are contained within existing germplasm. This analysis therefore demonstrates that there is 
significant potential for adaptation of groundnut cultivation to climate change in India. 
Examples of decisions that can be based, at least in part, on studies of genetic adaptation to climate change 
include: efforts to preserve existing crop varieties in the face of genetic erosion (e.g. the Global Crop 
Diversity Trust: http://www.croptrust.org); whether or not specific breeding or genetic modification is 
required for use under future climates; and the need for increased resources to ensure improved access to 
existing seed. A range of policy decisions regarding land use can also be informed by studies of genotypic 
adaptation. Consider, for example, a policy aiming to ensure that future demand for food is met. This policy 
may seek to encourage the use of land for food crops if demand is predicted to exceed supply. In at least one 
study (Balmford et al., 2005), plausible variation in mean yield was found to be as important as population or 
per capita consumption in determining the change in cropped area needed to meet future demand (to 2050). 
Hence such a policy would need to predict likely yields, something that depends on the crop variety grown. 
 
Holism and accuracy 
Accuracy requires holism; without including all relevant processes (see section 2iv) and accounting for 
uncertainty (section 2ii) predictions may be precise, but they will not be accurate (figure 2; section 2iii). 
Furthermore, accurate crop yield projections require not only on the accurate simulation of individual 
processes, but also the accurate simulation of the combined influence of these processes. For example, the 
interaction between genotypic responses to the mean and variability of temperature can determine whether 
yield increases or decreases under climate change (Challinor et al., 2007b). Demonstrating the potential for 
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adaptation to individual processes is clearly not the same as demonstrating the existence of varieties that 
contain all of the required properties. Thus, the limitations of the analysis behind figure 3 become apparent, 
particularly since the properties required of a variety go beyond the biophysical properties examined here. 
They may include, for example, decreased sensitivity to biotic stresses (likely pests or diseases), nutrient 
requirements, flood tolerance or crop quality standards. In particular, crop varieties that are less susceptible 
to biotic stresses may be more susceptible to abiotic stresses, particularly when varieties are selected for high 
yield.  
A second limitation of the analysis presented above stems from a broader consideration of holism: even 
where a variety with the required properties exists, farmers may not have access to it. Access to seed depends 
on a broad range of factors, including seed patent ownership, household income, transport infrastructure, 
access to local markets, and macro- and micro- economics, which determine seed price. Access to seed also 
depends on the existence of the seed. The need for increased production and the resultant focus on high-
yielding varieties, together with the globalisation of trade, has reduced the number of crop varieties 
cultivated by farmers (a phenomenon referred to as ‘genetic erosion’; see e.g. Gepts, 2006). Thus for some 
crops, food production can be dominated by a small number of varieties that are well-adapted to the current 
range of seasonal climates. These crops may not perform well under climates outside the current range of 
variability. Genetic erosion therefore presents a threat to adaptive capacity. It is therefore important to 
maintain crop biodiversity. 
 
Increasing holism and stakeholder engagement 
Food security is dependent on demand, making population growth, changing food preferences and the 
economics of food production key aspects of the food system. Many integrated studies of food production 
under climate change (e.g. Parry et al., 2004; see also Schmidhuber and Tubiello, 2007) rely on a single trade 
model and treat crop growth and development empirically. These methods take a holistic approach to food 
systems; however, they rarely quantify model uncertainty adequately and they are prone to inaccuracies in 
simulating crop growth (see section 2i). When integrating a range of processes in this way, choice of the 
appropriate level of model complexity is particularly important (section 2v).  
Whilst steps are being taken towards a more holistic approach to food systems research, there is still some 
way to go. The analysis of genotypic adaptation presented here, for example, does not attach any 
probabilities to the scenario produced. Without this information it is difficult to make adaptation decisions, 
since the likelihood of the scenario is unknown. A sense of the reliability of the scenario can be gained by 
qualitative comparison with other studies. For example, Challinor and Wheeler (2008b) discuss in more 
detail the likelihood of an intensification of the monsoon, as is found in the scenario used in the current 
study. More quantitative assessments of reliability can be carried out using ensembles. Challinor et al. 
(2008b) used an ensemble of over 180,000 simulations, where both climate and crop model parameters were 
varied. That study, which focussed on a single grid cell in India, found that despite the inherent uncertainties, 
the germplasm exists for adaptation of groundnut cultivation to changes in mean temperature.  
A holistic approach to adaptation demands more than only the quantification of biophysical uncertainty – the 
full range of processes, as discussed above, need to be understood and included. A key challenge is to assess 
the feasibility of adaptation strategies is at the community level, where agricultural systems can be highly 
complex and location-specific (see e.g. Morton, 2007). This inevitably implies stakeholder engagement 
(section 2iv) and understanding of local socio-economic processes. The potential for genotypic adaptation 
presented in this paper, for example, has been determined using biophysical analyses; this does not address 
the efficacy of on-farm adaptation based on these results. Even for the relatively narrow goal of meeting a 
given demand for food under a given change in climate, there are a range of adaptation options: a change of 
variety, a change of crop, an increase in cropped area, increased imports or regional transport of food. Each 
of these will have a range of different associated impacts on the broader food system and its components. 
One way to assess the likely efficacy of adaptation options is to examine historical responses to 
environmental change (Fraser, 2007).  
 
 
5. Conclusions 
There is evidence that farmers can respond creatively and adaptively to environmental change; however, to 
continue to do so under climate change, they will need governments to create institutional and macro-
economic conditions that support and facilitate adaptation (Challinor et al., 2007a). Modelling studies can 
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contribute to policy by providing the science to underpin strategic decisions. By focusing on specific issues, 
they can also contribute directly to shorter-term adaptation decisions and frameworks (section 2iv). This 
latter process can be facilitated by agricultural research centres and government extension workers. In all 
cases, it is important to communicate the level of uncertainty – or robustness – associated with projections. 
Many decisions regarding crop cultivation are made on timescales of weeks to months. Thus, increasing the 
capacity to deal with current climate variability presents a way to adapt to longer-term changes in climate 
variability (see Washington et al., 2006). This component of adaptation, discussed in section 3, is made 
particularly important by the expected trend towards increasing extremes of climate. In the longer term, it is 
therefore important to support adaptation by maintaining the capacity to deal with increased climate 
variability. Similarly, studies of long-term climate change should, in addition to the impact of mean changes, 
include the impact of climate variability. This was the approach taken in the current study (figure 3), where 
existing varietal properties of groundnut were assessed in relation to the likely abiotic stresses associated 
with climate change in India. The analysis showed that more precise estimates of adaptive capacity could be 
based upon more precise assessments of the range of responses in existing germplasm to mean temperature 
increases. More broadly, this method demonstrates how climate and crop prediction can be linked to the 
adaptive capacity contained in existing germplasm. The method can be used in other regions, with other 
crops, and using ensembles in order to quantify uncertainty. Where existing varieties are not able to provide 
sufficient adaptation, such analyses can inform the development of new crop varieties. However, this method 
cannot result in specific recommendations regarding the choice of crop varieties. Non-linear interactions 
between genotype and environment make any such recommendations a complex and geographically-specific 
endeavour. The method presented here merely identifies those biophysical properties that are likely to be 
required of crop varieties grown under future climates. 
This study has demonstrated the potential for modelling studies to inform adaptation and highlighted the 
characteristics of any such endeavour and their inter-relatedness. As a result, it is possible to make some 
broader observations and recommendations on the use of crop and climate modelling in informing 
adaptation. Using the language of WCRP (2008) and Challinor et al. (2008a), these fall into two categories: 
quality and value. 
 
Value: increasing the relevance of forecasts through stakeholder engagement 
Whilst there are computational limits on the spatial resolution of simulations, resolution should be chosen 
according to stakeholders needs wherever possible. Similarly, the lead time should be matched to the needs 
of the stakeholder. Decadal timescales have been identified, through the concept of seamless forecasting 
(section 2i), as being a gap in the continuum of forecast products (e.g. Troccoli and Palmer, 2007). Such 
systems may be able to capture the emergent climate change signal (Cox and Stephenson 2007). It is 
essential that stakeholders are involved from the beginning in the development of decadal forecasting 
systems, in order to ensure that maximum value is obtained from them. Additionally, value in forecasts 
across the range of timescales can be increased through targeted efforts to mainstream climate information 
(section 2iv). These efforts should be informed by a holistic view of food systems, since this will enable the 
identification of the most climate-sensitive points in the system. This is particularly important given that the 
combination of stochasticity in climate and in external influences such as prices can make economic value 
inherently probabilistic (Letson et al., 2005). 
In addition to spatial scale and lead time, the value of a crop forecast depends on the crop in question. Crops 
other than the major staples are highly important for livelihoods across the tropics. Lobell et al. (2008) 
studied a range of crops, and highlighted, for example, a threat to food security under near-term (2030) 
climate change posed by groundnut cultivation in South Asia. The complexity and regional variation of 
cultivation systems such as these means that adaptation strategies should be developed and assessed at the 
community level. Maximum societal benefit may be achieved by a combination of ‘top-down’ modelling 
approaches to adaptation, such as the current study, and ‘bottom-up’ approaches, such as discussion support 
(e.g. Hansen, 2005). Perhaps, then, the principal focus of seamless forecasting should not be on seamlessness 
across timescales, but rather on the links that stretch between the developers (research scientists), the 
providers (practitioners), and the users. It is through this dialogue, which is underpinned by modelling, that 
understanding will be fostered and adaptation opportunities will emerge. It can be argued that model 
complexity and uncertainty, in addition to being relevant to quality (see below) are relevant factors in 
determining the value of models for policy (Shackley et al., 1998). 
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Quality: methods to maximise accuracy and reliability 
The twin aims of accuracy and reliability determine forecast skill. Accuracy should be maximised, whilst 
unwarranted precision should be avoided in order to ensure reliability. Section 2v showed that in order to 
maximise accuracy, impacts models should be carefully calibrated and have an appropriate level of 
complexity. The requirement of holism makes this even more important, since the complexity of food 
systems is likely to lead to the inclusion of an increasing number of drivers and processes in food systems 
models. Efforts to assess the socio-economic aspects of food systems on large spatial scales (e.g. Fraser, 
2006; Diffenbaugh et al., 2007) will form a key element of emerging methodologies. Only through such 
holistic approaches to food systems research can we gain the understanding needed to inform food security 
policies.  
Reliable projections can only be achieved where food system models assess and communicate uncertainty 
candidly (National Research Council, 2006). Where possible, therefore, a range of models and parameter 
values should be used. This approach is common in climate change research, where a number of climate 
models are used (e.g. Randall et al 2007) and where perturbed-parameter simulations are carried out (e.g. 
Murphy et al., 2004). More diversity, and more attention to robustness, is needed in modelling food systems 
(section 4). Ensemble approaches should be used where possible, and the full set of climate ensemble 
members, rather than only a subset, should be used as input to impacts models. In the development of climate 
model projections, careful attention should be given to the balance between ensemble size, spatial resolution 
and complexity, since this has serious implications for both quality and value (Challinor et al., 2008a). 
In addition to accounting for multiple stresses, food system research should account for multiple outcomes – 
including the direct and indirect benefits of agroecosystems – and multiple perspectives (section 2iii). In 
many cropping systems, outcomes include both food and greenhouse gases. Strategies that are optimal for 
food production will not necessarily be optimal for mitigation; trade-offs exist. One example of holistic food 
systems research is therefore joint treatment of adaptation and mitigation. Assessment of multiple drivers, 
processes, and outcomes only becomes possible when researchers with the full range of relevant skills and 
disciplines communicate and engage with each other. This has clear implications for individual researchers, 
academic institutions and funding bodies. It also suggests the need to strengthen the coherence of the food 
systems research community through regular focussed meetings, such as the GECAFS conference where this 
study was presented. 
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Appendix: calculation of the magnitude and extent of the impact of biophysical stresses 
The analysis for figure 3 was carried out using results from Challinor et al. (2007b) [C07] and Challinor and 
Wheeler (2008b) [CW08]. The second of these studies included the direct impact of elevated CO2, the first 
did not. Both of these studies used regional climate model output to simulate the growth and development of 
groundnut, in the grid cells in India where groundnut was cultivated during the period 1966-1989. For each 
biophysical process, the number of grid cells where that process resulted in a yield decrease was calculated. 
This number was then divided by the total number of grid cells (787), to give a percentage. Both studies used 
the same climate change scenario (SRES A2 2071-2100) and are therefore directly comparable. The A2 
scenario results in an approximate doubling of atmospheric CO2 concentrations by the end of the century 
(IPCC, 2001).  
The calculations of yield decrease were as follows: 
1. More frequent temperature extremes: Figure 5 of C07 presents the area affected by heat stress during 
anthesis for crop varieties with tolerant (9%) and sensitive (20%) genotypic properties. Of the grid cells 
indicated, only a subset show a decrease in yield (figure 3 of C07); the percentages in figure 3 are based on 
this subset. Figure 9 of C07 suggests that the magnitude of this effect varies between around 50% reduction 
in yield for sensitive varieties, and around 5-10% for tolerant varieties. Whilst C07 did not consider the 
direct impact of elevated CO2, this process does not interact significantly with heat stress (Vara Prasad et al., 
2003), and therefore its inclusion is would be unlikely to affect the results. 
2. Mean temperature increases: Through the impact of temperature on crop duration, yield can be reduced 
by over 50%, even when the direct impact of elevated CO2 is included (figure 4 of CW08). Figure 5a of 
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CW08 presents the area affected for a variety with no adaptation to mean temperature change. As this was an 
ensemble study, there are number of possible metrics for the area affected. The minimum area affected is 
given by counting the grid cells where all ensemble members show a decrease in yield (58%). A less 
conservative estimate can be taken by using the grid cells where 70% or more of the ensemble members 
show a yield decrease (75%). The percentage given in figure 3 is the mean of these two numbers. 
In addition to the non-adapted variety, CW08 presented results for simulations where crop durations were 
held constant between the baseline and scenario climates. In these fixed-duration simulations, the crop has no 
response to mean temperature change. They therefore represent a form of adaption for those regions affected 
by a reduction in duration due to mean temperature increase. If the germplasm exists to achieve this zero 
change in crop duration between the baseline and scenario climates, then the impact of temperature on 
duration can be mitigated. The change in thermal time requirement, , needed to maintain crop duration 
under climate change can be calculated following Challinor et al. (2008b): 
bc
bf
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TT
TT
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
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  for oc TT   and of TT   
where T  is mean seasonal temperature, subscript f refers to the future climate, subscript c refers to current 
(baseline) climate/crop, subscript a refers to the adapted crop, and bT is the base temperature for 
development. oT  is the optimum temperature for development, which is in the range 28-37
 o
C. Mean 
temperatures over the period of simulated crop growth in the baseline simulations of C07 and CW08 vary 
geographically between 20 and 32.5 
o
C (though they are less than 27.5
 o
C for most of India). In the climate 
change scenario, temperatures increase by between 2 and 6 
o
C (3-4
 o
C for most of India; see figure 1 of 
CW08). Increases in temperature beyond 4
 o
C  were only seen in regions where the baseline temperature 
exceeded 27.5
 o
C. Representative maximum values of ca  can therefore be found by taking oT in the 
centre of the observed range (32.5
 o
C) with bT = 10
 o
C (Challinor et al., 2004) and using (i) cT =20
 o
C , 
fT =24 
o
C and (ii) cT =26.5
 o
C , fT =32.5 
o
C. These two pairs of mean temperatures give ca   in the range 
1.36 to 1.40 – i.e. an increase in thermal time requirement between the baseline and scenario climates of 36-
40%. A simple analysis suggests that the maximum value of ca  found in current germplasm is between 
14 and 40% (Challinor et al., 2008b). Thus it is possible that across all regions of India where crop durations 
fall under climate change, they can be maintained equal to the baseline values by using an appropriately–
chosen variety (i.e. one that is adapted to local changes in mean temperature). However, it is also possible 
that this adaptive capacity is not contained within existing germplasm. A more precise measure of ca  in 
current germplasm is required if the capacity to adapt to mean temperature increases is to be quantified. 
3. Reduced humidity: In C07 and CW08, mean vapour pressure deficit (VPD) during simulated crop growth 
(for the fixed-duration crop) increased in all locations under climate change. This process therefore affects 
all groundnut growing areas. Based on two representative regions, reductions in yield due to this process are 
approximately 20-25% (figure 3 CW08). In order to compensate for this, a similar increase in transpiration 
efficiency would be needed (see equation 6 of Challinor et al., 2004). This is comfortably with the range of 
measured values in the current climate (e.g. Challinor et al., 2004), and it is of the order of the increase 
expected to occur naturally under elevated CO2 (e.g. Challinor et al., 2005b). Therefore, no area is affected 
by this process when an appropriate existing crop variety is used. 
4. Increased water stress: 14% of grid cells show a decrease in mean growing-season rainfall (figure 1a of 
CW08). However, for the fixed-duration crop, at least 45% of these grid cells show an increase in yield 
(figure 6a of CW08). Changes in rainfall therefore adversely affect a maximum of 7.7% of all grid cells. The 
magnitude of this effect can be considerable: figure 6a of CW08 shows that for the fixed-duration crop, 
reductions of up to 50% in yield occur in water-stressed regions. However, approximately half of this is 
likely to be due to changes in humidity (see above). The impact of water stress is therefore estimated as a 
25% reduction in yield. 
5. All processes: all the grid cells are affected by at least one process under climate change, and the effect 
can be as large as, or greater than, the impact of any single process. The all-processes non-adapted bar in 
figure 3 is therefore 100%. The adapted bar is more difficult to calculate, since the appropriate genotypic 
adaptation varies geographically, as the relative importance of the biophysical processes varies. One estimate 
was obtained by making the plausible assumption that ca  is as large as 40% (see 2 above): first, the 
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number of grid cells in figures 5a and 5b of CW08 where both the non-adapted crop and the fixed-duration 
crop show a reduction in yield was estimated. Two values of this number were calculated, using 100% and 
70% thresholds for ensemble members (see 2, above). This gave a range of 9-20% of grid cells that are 
affected (i.e. yield is reduced) by the combination of all climate change processes, with or without adaptation 
to mean temperature change. All of the affected grid cells are in regions where crop growth is subject to 
significant water stress (though not necessarily increases in water stress between the two climates). The 
adapted crop represents a minimum of adaptation, since adaptation to water stress was not considered, and 
since the altered response to mean temperature could also, in theory at least, be combined with heat-stress 
tolerance (see 1, above) and increased transpiration efficiency (see 3, above). It is likely that such 
combination would reduce both the area affected and the magnitude of the climate change signal. 
Whist some of the assumptions above imply that 9-20% is an upper estimate of the area affected under 
climate change, the assumption of ca  =40% may be rather optimistic, since the lower estimated value in 
the germplasm is 14% (see 2 above). Figure 3 of Challinor et al. (2008b) suggests that this lower value is 
likely to show some degree of adaptive capacity. However, in the absence of a dedicated study to quantify 
this adaptive capacity, a second estimate for the adapted crop was based on the assumption that: (i) 
ca  =14% is insufficient for adaptation to mean temperature changes anywhere in India; (ii) the effect of 
shorter crop duration on yield is not mitigated by any other process. This second estimate results in 66.5% of 
area affected with an adapted crop. This value is used in figure 3, since it far exceeds the first estimate. 
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Figure captions 
 
Figure 1.  Observed and simulated crop yield for a grid cell in Gujarat, India, taken from the study of 
Challinor et al. (2004). The crop model simulations, performed using GLAM, were driven by observed 
gridded weather data. 
 
Figure 2. The relationship between quantitative, accurate, precision and relevance to adaptation decisions. 
For a given change in carbon dioxide emissions, there is a resultant and uncertain change in climate, which 
results in increasingly uncertain impacts on crop yield and in food systems. Feedbacks between each of the 
systems also contribute to uncertainty. Non-climatic drivers of food systems, which become increasingly 
important as relevance increases, are not shown. 
 
Figure 3. Percentage of the total area under groundnut cultivation (using the climate model grid) where crop 
yield is projected to fall under climate change (SRES A2 scenario, 2071-2100; an approximate doubling of 
CO2). For three of the four processes considered, an adapted crop is shown in addition to the non-adapted 
crop. Dotted lines denote that the estimate is an upper limit on the area affected; solid lines denote estimates 
near the centre of the uncertainty range. The magnitude of estimated crop yield reductions varies from severe 
(over 50%, dark grey shading) to mild (less than 10%, white shading); intermediate severity (20-30%) is 
shown with light grey shading. No shading indicates that an estimate of magnitude was not possible. 
Supporting calculations are presented in the appendix.
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Figure 1.  Observed and simulated crop yield for a grid cell in Gujarat, India, taken from the study of 
Challinor et al. (2004). The crop model simulations, performed using GLAM, were driven by observed 
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Figure 2. The relationship between quantitative accuracy and relevance to adaptation decisions. For a given 
change in carbon dioxide emissions, there is a resultant and uncertain change in climate, which results in 
increasingly uncertain impacts on crop yield and in food systems. Feedbacks between each of the systems 
also contribute to uncertainty. Non-climatic drivers of food systems, which become increasingly important as 
relevance increases, are not shown. 
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Figure 3. Percentage of the total area under groundnut cultivation (using the climate model grid) where crop 
yield is projected to fall under climate change (SRES A2 scenario, 2071-2100; an approximate doubling of 
CO2). For three of the four processes considered, an adapted crop is shown in addition to the non-adapted 
crop. Dotted lines denote that the estimate is an upper limit on the area affected; solid lines denote estimates 
near the centre of the uncertainty range. The magnitude of estimated crop yield reductions varies from severe 
(over 50%, dark grey shading) to mild (less than 10%, white shading); intermediate severity (20-30%) is 
shown with light grey shading. No shading indicates that an estimate of magnitude was not possible. 
Supporting calculations are presented in the appendix. 
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